The goal was to electrospin 2-hydroxyethyl methacrylate -based biocompatible polymers and prepare submicron fibres (nanofibers) for biomedicinal applications. Syntheses of poly(2-hydroxyethyl methacrylate) (HEMA) and its copolymer with 2-ethoxyethyl methacrylate (EOEMA), and their characterization by viscometry and molecular weight are described. Their relation to electrospinning is discussed. Electrospinning of HEMA homopolymer from water-ethanol is successful for molecular weights 6.31 × 10 5 and 1.80 × 10 6 g/mol. Electrospinning of HEMA/EOEMA copolymers is feasible from ethanol.
Introduction
Electrospinning has long been known [1, 2] . The first patent [3] on nanofibre preparation by this method was granted in 1934, but it did not achieve substantial development until recent years. A number of polymers have been spun from organic and aqueous solvents [4] [5] [6] [7] [8] [9] or from the melt [10, 11] .
We believe that nanofibre-based materials suitable for filtration (e.g. with antibacte-rial properties or with bound antibodies for selective filtration, or air filtration), wound dressing (especially for skin defects and burns), and tissue engineering (in vitro cultivation of cells) may be obtained [12] [13] [14] [15] [16] [17] . In particular, macroporous materials for central nervous system implants might be prepared with incomparably larger surface area than those prepared by classic methods. The large surface could facilitate and accelerate colonization of implants. Biocompatible polymers based on 2-hydroxyethyl methacrylate (HEMA) or its copolymer with 2-ethoxyethyl methacrylate (EOEMA) are attractive candidate materials:
The latter comonomer reduces the hydrophilicity of poly(HEMA), without significant degradation of biocompatibility or mechanical properties. Poly(HEMA) has been electrospun in the development of sensors [19] and reactive hydrogels [18] starting from a polymer solution or a prepolymer, which yielded a covalently crosslinked material [20] .
In contrast to common hydrophobic materials, these monomers and their polymers have good solubility in the environmentally friendly solvents ethanol and water. Due to the great sensitivity of electrospinning to the properties of the polymer solution (concentration, molecular weight, viscosity, solvent and polymer polarity), we systematically address their relationship to spinning the polymers and the morphology of the fibres obtained. In future, we intend to use them in tissue engineering.
In electrospinning polymer solutions, the process and material parameters should be optimized every time, since their transferability is very limited. To improve this transferability we characterize the polymer solutions for electrospinning by viscosity, contact angle, molecular weight and conductivity.
Experimental
Soluble polymers were prepared by monomer polymerization (8.55 g in 55 g of aqueous ethanol (66.3% ethanol)) in the absence of oxygen initiated with the oxidation-reduction system ammonium persulfate (0.05 − 1 g) -sodium bisulfite (0.05 − 1 g) at 23
• C for one week. The polymer molecular weight was controlled by the amount of initiator. Molecular weights were determined by static light scattering on an ALV 6000/E (ALV, Germany). Dynamic light scattering was measured on a Zetasizer. Polydispersity was determined with a Modula GPC system using a Labio GM 10008 × 500 mm column.
Viscosity was measured at 23
• C in an Ostwald viscometer with flow volume 2 ml, capillary diameter 0.7 mm and length 100 mm. Specific viscosity η sp = (t − t0)/t0. Relative viscosity η T = t/t0, where t0 is the flow time of the solvent and t that of the polymer solution. Intrinsic viscosity was then determined by linear extrapolation of η sp /c to c = 0 (Huggins equation [21] ), or (lnη T )/c to c = 0 (Kraemer equation [21] ), where c is the polymer concentration (g/g For contact angle measurements, the drop method using a Contact Angle System OCA (Dataphysics, Germany) was chosen. 1 g of polymer solution was poured on a horizontal 4 × 4 cm glass plate. The solvent freely evaporated at room temperature for three days. A drop of water (2 μl) was deposited onto the dried polymer film and the camera scanned after 20 s. The drop profile was fitted by an ellipse and the contact angle between the polymer and drop edge was determined.
Electrospinning was carried out on a laboratory Nanospider device ( Figure 1 ) as described in detail [11] . This is a completely original method of producing fibers tens of nanometers to tens of micrometers in diameter. A thin layer of polymer solution film (2), (Figure 1 ) is raised by a metal roller (1) , which is at the same time the positive electrode. The high voltage (20 − 45 kV) causes Taylor cones to form. These cleave into fibres which are carried onto the negative electrode (6) and caught by a polypropylene non-woven fabric (4). The solvent evaporates and the fibres stretch at room or elevated temperature.
The reservoir (3) was filled with 20 ml of polymer solution (solvent 66.3% ethanol -water for polyHEMA and ethanol for HEMA/EOEMA copolymers); rotation of the cylinder ensured uniform coating. The distance between electrodes was 15 cm. A variable high-voltage power supply (Glassman High Voltage, Inc., USA; 0 − 55 kV) was used. The electric field was switched on and gradually increased until optimum electrospinning was reached. It did not start gradually with increasing voltage, but began suddenly. The optimum voltage differs for every polymer solution; it ranged from 23 to 35 kV. If the optimum was known, it was used at the beginning. Formation of optimum Taylor cones and optimum electrospinning was at about 1.1 rotation /min. Conductivity and surface tension of the electrospun polymer solutions are shown in Table 1 (intrinsic viscosity is the average from the Huggins and Kraemers equations).
SEM microscopy was performed using a Tescan Vega, which provides 12 − 250000× magnification, with resolution up to 9 nm.
Results and discussion
Chain entanglements can significantly influence fiber formation. The dimensionless product of the intrinsic viscosity and concentration, [η] ·c is the Berry Number, B e [22] . For a solution to have chain entanglements, B e >1. Thus B e plays a major role in spinability and fiber diameter control [23] . Shenoy et al.
[28] formulated a semi-empirical analysis to explain the transition from electrospraying to electrospinning in the good solvent, non-specific polymer-polymer interaction limit. Complete stable fiber formation occurs at ≥ 2.5 entanglements per chain, which takes place for all of our (co)polymers (Table 1) . A very steep dependence of contact angle (a measure of hydrophilicity) [25] on molecular weight ( Figure 5 ) is obtained, especially at low molecular weights.
The 2-hydroxyethyl methacrylate monomer always contains ethylene dimethacrylate crosslinker which cannot be removed completely; hence, the polymer formed is always branched. When using higher monomer concentrations or lower initiator concentrations than those given in the Experimental section, a crosslinked gel results at 100% conver-sion.. Branching increases with increased molecular weight (decreased initiator): conformational changes are slowed, hydroxyl group accessibility is reduced and hydrophilicity decreases. This explains the contact angle of crosslinked poly(HEMA) (Θ = 75
• ), where conformational changes are slowed much more than with uncrosslinked polymers. The M w = 1.75 × 10 5 g/mol poly(HEMA) could not be spun but, in contrast to that with the lowest molecular weight, Taylor cones formed at the cylinder edge ( Figure 1 ). However, they did not lead to the formation of fibre. The ca. 70 μm fibre visible (Figure 6 a) belongs to the polypropylene support. Strongly deformed drops can be observed. These are probably caused by fast solvent evaporation forming a thin surface layer of polymer through which the remaining solvent diffuses, yielding a hollow particle which collapses. For polymers with higher molecular weight solvent evaporates only after the polymer has been spun. The best poly(HEMA) molecular weight for electrospinning is M w = 6.31 × 10 5 g/mol and an intrinsic viscosity of 28. M w = 1.80 × 10 6 g/mol and intrinsic viscosity 64.5 is less suitable and M w < 6.31 × 10 5 g/mol is entirely unsuitable.
This agrees with the general finding that only a limited molecular weight range is suitable for electrospinning [26] . For poly(HEMA) with the highest molecular weight the nanofibre quality could be enhanced by suppressing drop formation (electrospraying) by addition of sodium chloride a) b) c) (0.4 ml of saturated solution per 15 ml of polymer solution). However, this had only a slight effect for poly(HEMA) with M w < 6.31 × 10 5 g/mol. The influence of polymer molecular weight and chain entanglements on electrospinning and fiber or drop formation are discussed in detail by Gupta et al. [23] . Due to the hydrophilicity of poly(HEMA), its fibres are unstable in aqueous solutions. It is therefore desirable for some biomedicinal applications to reduce the hydrophilicity. One way is by copolymerization with a hydrophobic comonomer. Due to its good solubility in aqueous ethanol and favourable elasticity, we have chosen 2-ethoxyethyl methacrylate (EOEMA). Its copolymer with HEMA is also biocompatible [13, 17] and has very promising biological properties [27] . Figure 7 and 8, η sp /c vs. c dependences for HEMA -EOEMA copolymers and the dependence of intrinsic viscosity on the HEMA content are shown (the Kraemers method gave almost the same values). Because aqueous ethanol is a poor solvent for the hydrophobic EOEMA, the intrinsic viscosity decreases with its increasing EOEMA in the copolymer, although the molecular weights of all the copolymers are very close (M w = 6.78 × 10 6 − 6.80 × 10 6 g/mol).
The copolymer hydrophilicity (evaluated by contact angle) and equilibrium water content increase with the HEMA content ( Figure 9 ). The 16.7% EOEMA copolymer is so hydrophobic that its fibres are relatively stable in aqueous medium.
Spinning of HEMA -EOEMA copolymers gave poorer results than the homopolymer poly(HEMA). Only the copolymer with a low EOEMA content (16.7%) could be successfully spun, yielding a structure comparable to the poly(HEMA) nanofibres. Copolymers with higher EOEMA contents (increasing hydrophobicity) gave poorer results. Instead of a regular fibre structure, only clusters of fibres were formed. Spinning EOEMA homopolymer gave only a very irregular porous structure (Figure 10 ). 
Fig. 9
Dependence of hydrophilicity of HEMA -EOEMA copolymers expressed by contact angle θ and water content in the equilibrium-solvated state on the HEMA content in the copolymer. Successful spinning of copolymers with higher EOEMA contents was achieved in two ways: (1) By modification of the starting polymer mixture by reprecipitation of the copolymers from 66.3% ethanol into water, drying and redissolving in ethanol. The conductivity of electrospinning solutions was adjusted by addition of 0.4 g of saturated NaCl solution per 15 ml of copolymer solution. Electrospinning then proceeded without problems; all the copolymers could be spun and the fiber microstructure was similar to that of poly(HEMA) with M w = 6.31 × 10 5 g/mol ( Figure 11 ). The fibre layer was regular and a thickness up to 5 mm could be obtained ( Figure 12 ). In contrast to pure poly(HEMA), the fibres of HEMA/EOEMA copolymers show slightly larger and a broader distribution of diameters, ranging from 500 nm to 5 μm. Hence even a relatively small change in solvent composition (from 66.3% to 96% ethanol) has a profound influence on the course of electrospinning. A more hydrophobic polymer requires a more hydrophobic solvent. This is in accord with the results of Shenoy et al. [28] , where the effect of solvent on the polymer coil conformation and chain entanglement substantially alters the course of electrospinning.
(2) Filtration of the original, non-reprecipitated HEMA/EOEMA aqueous-ethanolic solution through a 1 − μm filter accelerated electrospinning and conversion to fibres. This indicates the possible presence of large structures or even microgels in the original solution, which hinder the formation of Taylor cones. Two samples showing opposite behaviour were examined by dynamic light scattering (Figure [13] ) to examine these larger structures, i. e. poly(HEMA), M w = 6.31 × 10 5 g/mol (spinnable without problems) and HEMA/EOEMA copolymer (30% HEMA) (spinnable after filtration). The poly(HEMA) contained only polymer coils, ca. 7 nm in diameter, ( Figure 13 , curve 1), which, after dilution to 1.5% polymer, showed larger diameters of ca. 25 nm. No changes were observed after passage through a 1 − μm filter. Dilution of the HEMA/EOEMA copolymer solution led to expansion of the coils: from ca. 8 nm in 15% polymer ( Figure 13 , curve 2) to 25 nm on dilution to 1.5% (curve 3), up to 30 nm at dilution to 0.5% (curve 6). In addition to the polymer coils, a larger supramolecular structure was observed at ca. 40 nm in the undiluted solution and ca. 400 nm at 1.5% polymer. The structure disappeared immediately after filtration of 15% and 1.5% copolymer solutions (curve 3) and reappeared after ca. 3 h (curves 4 and 5). Thus it can be assumed that it was formed only by physical bonds: physical clusters which can be destroyed temporarily by filtration are formed in 30% HEMA/EOEMA copolymer at concentrations higher than 1.5%. However, with the 0.5% sample the structure was observed neither before nor after filtration. In contrast, a smaller peak (ca. 5 nm) appeared before the main peak (30 nm), which probably corresponds to smaller polymers or oligomers unthreaded from the main coils ( Figure 13 , curve 6). These diluted solutions are no longer suitable for electrospinning due to their low viscosity. The peaks around 8000 nm lying at the resolution limit of the apparatus probably correspond to dust particles.
It is apparent that electrospinning is adversely affected by both an unfavorable solvent and presence of supramolecular microgel structures in such a way that spinning does not occur only when both factors act simultaneously. If only one of these is present electrospinning can be performed. 
Conclusions
(1) Biocompatible polymers and copolymers based on HEMA and EOEMA were prepared by polymerization and fibers from them by electrospinning. (2) Spinning of HEMA homopolymer is more successful for molecular weights 6.31 × 10 5 and 1.80 × 10 6 g/mol than for lower molecular weights, especially after adjustment of solution conductivity with sodium chloride. (3) Spinning of HEMA/EOEMA copolymers is feasible only from ethanolic solution or after removal of microgels by filtration, after conductivity adjustment.
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